Abstract: This paper presents experimental results from a typical school building in Athens, equipped partly with a green roof system (GRS). Environmental monitoring took place in six classrooms located both under the concrete roof and the GRS sectors as well as in the immediate external environment during the warm and cold periods of a school year. Daily measurements of pollutants CO 2 , TVOCs (Total Volatile Organic Compound), PM 1 , PM 2.5 , and PM 10 were performed in selected classes. Moreover, indoor ambient temperature (T) and relative humidity (RH) measurements were implemented in order to estimate the absolute humidity (AH) and assess the indoor environmental conditions. The results highlight that during summer, the GRS reduces temperature in a classroom on the top floor by about 2.8 • C, in comparison with the respective classroom under the concrete roof and that AH remained relatively stable for both classrooms. Amid winter, a reverse behavior occurs only for temperature. Moreover, air exchange rates (AER) were calculated by using the CO 2 decay method for all of the classrooms. The results demonstrated insufficient ventilation for all experimental sights. Finally, concentrations of PM 1 , PM 2.5 and PM 10 , were found to be relatively decreased, with average values of 0.79, 3.39, and 27.80 µg m −3 . Levels of CO 2 and TVOCs were elevated during class hours ranging from 469 to 779 ppm and from 6.63 ppm to 13.33 ppm, respectively, but generally within the respective limits of exposure. The examination of the indoor/outdoor (I/O) ratio of air pollutants, demonstrated that the outdoor meteorology affects only PM 1 and PM 2.5 , as PM 10 and TVOCs are strongly affected by internal sources and the activities of pupils.
Introduction
Green roof system (GRS) can mitigate building's thermal load [1] , reduce local PM 10 concentrations [2] and improve the management of rainwater. It is a constructive innovation with many energy benefits that at the same time are accompanied by a considerable economic cost. Specifically, [3] and [4] highlight that along the economic aspect of maintenance, CO 2 emissions as well as the energy balance of the building should be considered for each case. A study by [5] reports that white roofs have better results than conventional concrete ones, but in cases of electric heating of the building, the GRS has the second best performance. In Mediterranean climates, GRS cannot replace conventional insulation, but can lead to remarkable improvements in cooling of the building, thermal comfort of the inhabitants, and shading from sunlight [6] . Furthermore, the type of vegetation has a significant impact on the energy efficiency of a GRS and mainly on the emission of air pollutants. Best results are obtained,
Methodology
The experimental campaign took place at the 2nd Primary School of Nea Smyrni, which is located in the southern suburbs of the Attica basin, close to the coastline of the Saronikos Gulf. The total area of the Nea Smyrni municipality is 3487 km 2 and its population is 73,076. It is a densely built residential area with highly trafficked streets. The sources of pollution are well distributed around the Nea Smyrni area combining traffic mainly from the central part of Athens (North), port activities form the Southwest (port of Piraeus), and central heating from nearby dwellings. The school ( Figure 1 ) is a two storey building, nearby a busy street (location: 37 • 56 19.8" N, 23 • 42 57.8" E). The GRS covers 1/3 of the school's total roof area, while the rest is cement. The school complex was built successively in 1954 and 2000, while the green roof system was added in 2008. It is of an extensive type, lightweight (less than 150 kg/m 2 ), and covers an area of 374 m 2 . Its layers include the following from the roof top up: a root repelling membrane, a protective membrane, the drainage network, a non-permeable membrane, light soil of 150 mm thickness and low vegetation including herbaceous plants, grass, etc. The plants have minimum water requirements and are irrigated by an automatic watering system. The concrete roofs are of standard design and have a layer of reinforced concrete, covered with thermal insulation material and a sealing membrane.
The measurements extended from June to July 2016 (reference period after the end of the school year) and from October 2016 to June 2017. The instrumentation consisted of portable continuous recording equipment for Temperature (T) and Relative Humidity (RH) (Tinytag Plus 2 thermo-hygrometers with a recording range from −25 to 85 • C for temperature and from 0 to 100% for relative humidity and accuracy of ±0.6 • C and ±3.0%, respectively). Absolute humidity was calculated according to equation (1) , as reported by [18] Concentration levels of CO2 depend mainly on the air exchange rates (AER) and total area of classrooms (m 2 ) as well as the number of students and the type of their activities within the school building. The selected method for calculating AER values in classrooms is based on the decay of CO2 over time [19] [20] [21] . According to this procedure a quantity of a tracer gas, usually CO2, which is produced by human exhalation into the examined room is mixing with fresh air and acquiring a uniform concentration within the space. After the end of classes when the CO2 concentrations present a maximum value, the rate of concentration reduction of the CO2 is measured [22] . The formula (2) of AER that has been proposed by [23] in general form and simplified by [24] for the case of CO2 is:
Where C0 is the CO2 concentration at time t0, C(t) is the observed value of CO2 at time t and Cext is the outdoor concentration of CO2. In this case t0 represents the moment that CO2 was starting to decrease exponentially during time t.
All of the measurements were obtained from six classrooms, three at each floor and under the two different types of roof, enabling a direct comparison beneath the GRS and the reference cement roof. All the classrooms are naturally ventilated by window openings and were heated with oil combustion during the cold period of the year. For the same period, the windows were open only for a few minutes before and after class hours while during the lessons remained shut. On the contrary, amid the warm periods the frequent behavior was the windows to remain open when the school was occupied as the building does not have an air conditioning system. All of the classrooms retain a mosaic floor (a mix of cement with pieces of marble and granite) and blackboard with chalk. They are cleaned once a day after class hours. Table 1 demonstrates the characteristics of each classroom. A logbook of activities was kept by the researchers in order to include class hours, type of lessons, PTA (Parent-Teacher Association) meetings, and other school events. The recorded differences between groups of measurements were tested for significance using the non-parametric Mann Whitney-U test. All of the p-values found to be <0.05, allowing to reject the null hypothesis that there is no significant difference between the ranks of two grouping variables. Concentration levels of CO 2 depend mainly on the air exchange rates (AER) and total area of classrooms (m 2 ) as well as the number of students and the type of their activities within the school building. The selected method for calculating AER values in classrooms is based on the decay of CO 2 over time [19] [20] [21] . According to this procedure a quantity of a tracer gas, usually CO 2 , which is produced by human exhalation into the examined room is mixing with fresh air and acquiring a uniform concentration within the space. After the end of classes when the CO 2 concentrations present a maximum value, the rate of concentration reduction of the CO 2 is measured [22] . The formula (2) of AER that has been proposed by [23] in general form and simplified by [24] for the case of CO 2 is:
where C0 is the CO 2 concentration at time t 0 , C(t) is the observed value of CO 2 at time t and Cext is the outdoor concentration of CO 2 . In this case t 0 represents the moment that CO 2 was starting to decrease exponentially during time t. All of the measurements were obtained from six classrooms, three at each floor and under the two different types of roof, enabling a direct comparison beneath the GRS and the reference cement roof. All the classrooms are naturally ventilated by window openings and were heated with oil combustion during the cold period of the year. For the same period, the windows were open only for a few minutes before and after class hours while during the lessons remained shut. On the contrary, amid the warm periods the frequent behavior was the windows to remain open when the school was occupied as the building does not have an air conditioning system. All of the classrooms retain a mosaic floor (a mix of cement with pieces of marble and granite) and blackboard with chalk. They are cleaned once a day after class hours. Table 1 demonstrates the characteristics of each classroom. A logbook of activities was kept by the researchers in order to include class hours, type of lessons, PTA (Parent-Teacher Association) meetings, and other school events. The recorded differences between groups of measurements were tested for significance using the non-parametric Mann Whitney-U test.
All of the p-values found to be <0.05, allowing to reject the null hypothesis that there is no significant difference between the ranks of two grouping variables. 
Results and Discussion

Thermal Effect of GRS
The purpose of the campaign performed during June-July 2016 was to examine the temperature and relative humidity regimes of the classrooms when empty. Two classrooms adjacent to the two different types of roof were selected (G3 and B1) on the first floor having the same orientation. The results show that the roof type strongly affects the internal conditions of the classrooms investigated. Table 2 depicts the temperature, relative and absolute humidity for the two classrooms, and for the external environment of the school. The examined periods were separated to the cold period (October-March) and the warm (April-June) depending on when the heating system was operating. It should be noted that the two classrooms have a similar typology and they retain the same insulating materials for walls, windows, floors, and doors, except the roof type. Specifically, brick walls (250 mm) with a coefficient of heat transmission (U value) equal to 2 W/m 2 K, double glazed windows with distance between glasses 50 mm (U = 2.8 W/m 2 K), steel doors with no fiberglass insulation (U = 1.20 W/m 2 K) and marble floor (20 mm of marble and 200 mm of concrete) (U = 2.2 W/m 2 K). The reference roof above classroom B1 consists of asphalt cover, perlite-bitumen bonded, concrete, and plaster, demonstrating a U value of 0.95 W/m 2 K while the addition of the lightweight GRS on classroom G3 with 150 mm of soil, jute felt, polyethylene (high density), asphalt cover, and perlite, led to a decrease of the heat transmission coefficient of the roof up to 0.18 W/m 2 K (U = 0.77 W/m 2 K). It is of importance to note what was also reported in the study of [25] , where it was emphasized that GRS can generally improve energy efficiency of buildings both during the warm (cooling) and cold (heating) period of the year. This applies only for buildings with poor or moderate insulation, such as the examined case study. In new built structures however where the new insulating materials and regulations are used, the GRS will have a very slight effect on energy savings.
From June to July 2016 the average temperature (T) of the classroom under the GRS (G3) was 32.4 • C, while the respective beneath the concrete roof (B1) was found to be 35.2 • C. For the same period, the outdoor mean temperature on the GRS was found to be 30.1 • C and on the cement roof 31.4 • C, respectively. From April to June 2017 average temperatures under the green and cement roof were 25.1 • C and 26.4 • C, and the external ones 21.9 • C and 23.5 • C. Thus, the GRS leads to a decrease of air temperature by about 2.8 • C for the first period and 1.3 • C for the second one. On the contrary, for the same periods, the average absolute humidity (AH) in both classrooms demonstrated no significant differences (0.2 g H2O m −3 and 0.4 g H2O m −3 , respectively). During the cold period, the school is heated by boiler using heating oil that operates during class hours. The average internal temperature ranged from 19.7 • C in the classroom under the GRS to 16.4 • C in the respective under the cement roof, while the mean absolute humidity was measured 8.2 g H2O m −3 under the GRS and 8.5 g H2O m −3 under the conventional one. Outdoor temperature presented mean values of 12.2 • C on the GRS and 13.4 • C on the cement roof. An important observation is that the absolute humidity showed a relatively stable behavior for both classrooms during all of the experimental period. Since relative humidity (RH) strongly depends on the temperature and absolute pressure of a system of interest, it is concluded that even though the sense of humidity of the human body (RH) is different within the two microenvironments, the amount of water vapor in the air (AH) does not change significantly. In Figure 2a one may observe that during the cold period, the temperature in G3 (under GRS) lies mostly within the recommended range (20-23 • C), thus creating a more comfortable environment. Moreover, in Figure 2b it is shown that amid the two warm periods, relative humidity in both of the classrooms is within the recommended range. During the cold months, mostly in G3, the relative humidity limits are not overpassed (30-60% annually). The limits of both parameters are based on the standard of [26] , reported in [27] . From the same figures, the percentage of time where temperature and relative humidity values were outside the recommended limit range was calculated in order to demonstrate that GRS provide better comfort parameters during most of the time. Indicatively, during warm periods, 80.6% of temperature measurements overpassed the limit range in the classroom under GRS (G3) and 86.2% in the respective under cement roof (B1). For the cold period, 65.1% of temperature recordings were outside the limit range in G3, while 81.8% within B1. Concerning relative humidity, only 3.3% of measurements found out of the limit area in the classroom under GRS for all of the experimental period, while 27.1% in the respective classroom under cement roof. Figure 2c depicts that the behavior of absolute humidity shows similar fluctuations with temperature ( Figure 2a) for each season, especially during class hours (opening of windows), but without significant differences between the two classrooms.
Atmosphere 
Air Exchange Rates
In this section, the results of AER for the 6 examined classrooms (demonstrated in Table 1 ) are presented. The recording of CO 2 in classrooms lasted for 12 hours per day (from 18.00 to 6.00 LST) when empty (no presence of auxiliary personnel). During this period, doors and windows (double-glazed aluminum frame) in all of the classrooms remained shut. Figure 3 shows a typical 24-hour distribution of CO 2 during an experimental day in classroom G3, where the exponential decay period is obvious.
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Figure 2. Time series of (a) Temperature; (b) Relative Humidity; and, (c) Absolute Humidity for the two classrooms under green and cement roof.
In this section, the results of AER for the 6 examined classrooms (demonstrated in Table 1 ) are presented. The recording of CO2 in classrooms lasted for 12 hours per day (from 18.00 to 6.00 LST) when empty (no presence of auxiliary personnel). During this period, doors and windows (doubleglazed aluminum frame) in all of the classrooms remained shut. Figure 3 shows a typical 24-hour distribution of CO2 during an experimental day in classroom G3, where the exponential decay period is obvious. The AER of each classroom was estimated by the slope of the logarithm of CO2 concentrations against time for different days based on equation (2). Each day was selected on the basis of no human presence within the classrooms. In Figure 4 , the case of classroom G3 is presented, where measurements took place from 13 to 14 February 2017. During this period, all of the windows and doors remained shut. The natural logarithm (ln) of the difference between the internal concentration of CO2 at every time interval t, C(t), and the respective external (Cext) is illustrated graphically. After a linear regression, the calculated slope represents the value of AER. The high value of the coefficient of determination (R 2 = 0.9852) indicates relatively stable conditions. Table 3 depicts that for all of the classrooms, the results demonstrated very low values of AER, from 0.04 h −1 in classroom B3 to 0.29 h −1 in B2, which may be attributed to the newly installed windows that provide better isolation from the outdoor environment. However, most classrooms present high variability in AER values for all the selected days with A3 and B3 to have the most stable behavior, mostly because of their positioning inside the building (protected from the wind effect). The research of [28] reports that 0.5 h −1 is frequently referred in national standards and regulations in Europe and is considered as a threshold of adequate infiltration rate. However, it must not be linked with health symptoms. It is concluded that AER in the natural ventilated classrooms of the examined building demonstrate very low values. Moreover, it should be noted that since the AER is calculated while the classrooms remain empty and The AER of each classroom was estimated by the slope of the logarithm of CO 2 concentrations against time for different days based on equation (2). Each day was selected on the basis of no human presence within the classrooms. In Figure 4 , the case of classroom G3 is presented, where measurements took place from 13 to 14 February 2017. During this period, all of the windows and doors remained shut. The natural logarithm (ln) of the difference between the internal concentration of CO 2 at every time interval t, C(t), and the respective external (Cext) is illustrated graphically. After a linear regression, the calculated slope represents the value of AER. The high value of the coefficient of determination (R 2 = 0.9852) indicates relatively stable conditions. Table 3 depicts that for all of the classrooms, the results demonstrated very low values of AER, from 0.04 h −1 in classroom B3 to 0.29 h −1 in B2, which may be attributed to the newly installed windows that provide better isolation from the outdoor environment. However, most classrooms present high variability in AER values for all the selected days with A3 and B3 to have the most stable behavior, mostly because of their positioning inside the building (protected from the wind effect). The research of [28] reports that 0.5 h −1 is frequently referred in national standards and regulations in Europe and is considered as a threshold of adequate infiltration rate. However, it must not be linked with health symptoms. It is concluded that AER in the natural ventilated classrooms of the examined building demonstrate very low values. Moreover, it should be noted that since the AER is calculated while the classrooms remain empty and shut, any difference between warm and cold periods are very small (as the conditions remain almost the same).
1 Figure 4 . A 12 h decay period and linear regression of CO 2 in classroom G3 for a specific day. Previous studies have provided us with an abundance of data concerning PM concentrations. In [29] , where twenty seven schools were investigated, it is showcased that there was no established
Atmosphere 2018, 9, 75 9 of 14 linear correlation between indoor and outdoor levels for PM 2.5 mass concentrations, and the indoor-outdoor ratios exceeded unity, due to dust resuspension. PM 2.5 found inside the classrooms occurred with a different elemental composition to the respective of outdoors. Additionally, in [30] , it is shown that apart from one out of eight schools, I/O ratios varied in the range from 0.03 to 1.79. The schoolroom occupancy influenced the indoor concentration through particle resuspension and the ratio was found to decrease with increasing particle size. Finally, in [31] one may see that average values of I/O ratios range from 1.02 to 1.08 for PM 2. 5 .
Concentrations of suspended particles were measured into two classrooms of the first floor under GRS and cement roof (G3 and B1), and simultaneously on the external environment of the building. The results indicate relatively low PM concentrations with respect to [32] for both classrooms. The position of each classroom (beneath green or concrete roof system) did not seem to affect the levels of particulate matter. Indicatively, the average concentrations of PM 1 , PM 2.5 , and PM 10 were 0.79, 3.39, and 27.80 µg m −3 for the classroom under the GRS and 0.82, 2.83, and 28.34 µg m −3 for the respective under the reference cement roof. However, temporal variation seems to play an important role to the particulate distribution [33] . The mean in/out (I/O) ratio of the three types of airborne particles was calculated with and without the presence of pupils. PM 10 during class hours (for a selected period from January to April) was found to be equal to 3.05. On the contrary, in the summer when there is no human presence in the school, the PM 10 I/O ratio was 0.60 in June and 0.46 in July. Thus, it is concluded that indoor PM 10 concentrations are presented in higher levels than those of outdoors, when the school is operating. Activities of pupils, causing the resuspension of large particles are mainly responsible for the higher PM exposure in classrooms. The above statement is in agreement with previous published researches by [34] and [35] . For the same months, I/O ratio of PM 2.5 and PM 1 remained <1, which demonstrates the significant influence of external sources of emission. Based on school's orientation and wind direction, potential sources could be the traffic from the city's center (NNW) and emissions from the ships of the nearby port (SW) ( Figure 5 ). Table 4 summarizes the results of particulate matters concerning class hours. 
Carbon Dioxide and Total Volatile Organic Compounds
An additional parameter to characterize indoor air quality is the level of CO2. According to [36] , the maximum occupancy in classroom environments recommended by [37] is 50 persons per 100 m 2 . Moreover, [38] mention that a steady state indoor CO2 concentration of 1000 ppm has been used as an informal dividing line between adequate and inadequate ventilation [39] . Within the classrooms An additional parameter to characterize indoor air quality is the level of CO 2 . According to [36] , the maximum occupancy in classroom environments recommended by [37] is 50 persons per 100 m 2 . Moreover, [38] mention that a steady state indoor CO 2 concentration of 1000 ppm has been used as an informal dividing line between adequate and inadequate ventilation [39] . Within the classrooms of the experimental site, mean CO 2 levels range from 469 ppm to 779 ppm, with a maximum value of 1999 ppm in classroom B3. The results demonstrate strong variation for each classroom, and as expected, tend to increase during class hours and to decrease during breaks and weekends.
From Figure 6 , one may observe that classroom B3, on the first floor, showed the highest average concentrations of total TVOCs (13.33 ppm), while the lowest were presented in classroom B2 (6.63 ppm). It is noted that A3 is the only classroom that does not illustrate instant minimum or maximum values (outliers), demonstrating a relatively stable behavior even though it depicts a large range of concentrations. Within the rest of the classrooms, some outliers are presented mainly due to internal activities (such as painting lessons). Moreover, the two classrooms under the GRS (G3 and B2) are appearing to have the lowest concentrations of TVOCs as they retain less furnishing. Generally, the concentration levels of TVOCs for all classrooms remained relatively low, under the respective limit of tolerance (15 to 20 ppm), as referred in [40] . For a period of six months, the I/O ratio for most of the classrooms was found to be higher than 1 (with some exceptions for G3, B2 and A3), indicating that TVOCs indoor concentrations exceeded outdoor levels and appeared to dominate personal exposures [41] . Specifically, for the case of classroom A3, during May, the I/O ratio appeared to reach a value of 11.83 demonstrating strong internal sources of TVOCs emission. They mainly originate from classroom activities, cleaning products, room fresheners, wood, and furnishing [42, 43] . Figure 7 , illustrates the values of I/O TVOCs ratio for the selected experimental points. An overview of CO 2 and TVOCs concentration results is summarized in Table 5 .
exposures [41] . Specifically, for the case of classroom A3, during May, the I/O ratio appeared to reach a value of 11.83 demonstrating strong internal sources of TVOCs emission. They mainly originate from classroom activities, cleaning products, room fresheners, wood, and furnishing [42, 43] . Figure  7 , illustrates the values of Ι/Ο TVOCs ratio for the selected experimental points. An overview of CO2 and TVOCs concentration results is summarized in Table 5 . 
Conclusions
The results of a ten month experimental campaign in a Greek primary school are presented in this paper. Part of the building has an installed GRS system, while the other part is made of cement. The study was performed to identify differences between classroom microenvironments in terms of thermal conditions, air exchange rates, and air quality under the GRS and cement roof. The effect of the GRS on the top floor classroom, which is located underneath, is obvious in terms of thermal conditions, as compared to the classroom under the cement roof. Indoor air quality in classrooms, seem to be unaffected by the type of roof. The temporal variation is an additional parameter that strongly influences the results.
More specifically, the GRS has a positive thermal effect on the classroom directly underneath as compared to the respective classroom under the cement roof. Internal temperature levels in the classroom underneath the GRS were lower during the warm period (but still elevated compared to the respective limits) and higher during the cold months (within the recommended limits). The relative humidity in the same classroom was higher during the warm period and slightly lower for the cold one, but overall into the proposed limit range. Absolute humidity did not demonstrate significant fluctuations in both classrooms for all of the experimental period.
The AER of each classroom demonstrated very low values, which may due to the new double glazed aluminum frames of the classrooms, as the school is naturally ventilated. However, there is a large range of AER values within the classrooms because of their different positions and orientations in the building that result to a variety of influences by external factors, such as the wind. This is further supported by the CO 2 and TVOCs concentrations in the classrooms, which during lessons reached high values since both pollutants had strong indoor sources.
Regarding particulate levels in the classrooms, the two types of roof did not seem to affect the air quality. In fact, very low concentrations of PM 1 and PM 2.5 were recorded indicating the absence of indoor sources, while the levels of PM 10 remained generally higher which may be attributed to indoor activities of students, materials, and resuspension.
Overall, the GRS of the specific school building demonstrates a positive influence on the indoor thermal comfort conditions while the air quality regime is not significantly affected and relies heavily on good ventilation practices.
